The Three-North Shelter Forest (TNSF) is a critical ecological barrier against sandstorms in northern China, but has shown extensive decline and death in Populus simonii Carr. in the last decade. We investigated the characteristics-tree-ring width, basal area increment (BAI), carbon isotope signature ( 13 C cor ), and intrinsic water-use efficiency (iWUE)-of now-dead, dieback, and non-dieback trees in TNSF shelterbelts of Zhangbei County. Results from the three groups were compared to understand the long-term process of preceding drought-induced death and to identify potential early-warning proxies of drought-triggered damage. The diameter at breast height (DBH) was found to decrease with the severity of dieback, showing an inverse relationship. In all three groups, both tree-ring width and BAI showed quadratic relationships with age, and peaks earlier in the now-dead and dieback groups than in the non-dieback group. The tree-ring width and BAI became significantly lower in the now-dead and dieback groups than in the non-dieback group from 17 to 26 years before death, thus, these parameters can serve as early-warning signals for future drought-induced death. The now-dead and dieback groups had significantly higher δ 13 C cor and iWUEs than the non-dieback group at 7-16 years prior to the mortality, indicating a more conservative water-use strategy under drought stress compared with non-dieback trees, possibly at the cost of canopy defoliation and long-term shoot dieback. The iWUE became significantly higher in the now-dead group than in the dieback group at 0-7 years before death, about 10 years later than the divergence of BAI. After the iWUE became significantly different among the groups, the now-dead trees showed lower growth and died over the next few years. This indicates that, for the TNSF shelterbelts studied, an abrupt iWUE increase can be used as a warning signal for acceleration of impending drought-induced tree death. In general, we found that long-term drought decreased growth and increased iWUE of poplar tree. Successive droughts could drive dieback and now-dead trees to their physiological limits of drought tolerance, potentially leading to decline and mortality episodes.
the mortality of poplar trees in TNSF shelterbelts. Our specific goals were as follows: (1) to analyze differences in δ 13 C, iWUE, and basal area increment (BAI) among now-dead, die-back, and healthy (non-dieback) trees; (2) to reconstruct the past and recent growth trends of these three groups; and (3) to understand the long-term response of trees to drought, and identify early warning signals of drought-induced death. The overall aim of this study was to provide information for future studies on the growth sustainability, variability, and mortality of poplar trees in TNSF forests.
Materials and Methods

Experimental Sites and Sample Collection
Samples were collected from TNSF shelterbelts in Zhangbei County. Located at the southern edge of the Inner Mongolia Plateau, the county is characterized by a mid-temperate continental monsoon climate (a mean elevation of 1300 m, an annual mean temperature of 3.2 • C, annual precipitation of 300 mm, annual mean sunshine of 2897.8 h, an annual active accumulated temperature of 2448 • C, and a frost-free period of 90-110 day). Shelterbelts in the county comprise primarily Populus simonii Carr., a species tolerant to drought and cold. The trees typically sprout in May, grow rapidly in June-July, and enter defoliation-dormancy from September. They were planted as cutting seedlings in 1976, and the remaining trees are generally of the same age.
Twenty-six experimental sites of 100 m × 100 m were selected for analysis of poplar growth, dieback occurrence, and death. Following other studies [14, 16, 28] , we used 'non-dieback' to describe healthy trees without dead branches, 'dieback' to describe poplar trees whose lower canopy was growing while the top was dead and dry, and 'now-dead' to describe those with no leaves and no living branches, which died in 2012. Samples were collected from three representative locations (Ertai Town Forest Farm, Xiaoertai Forest Farm, and Renjia Village). At each location, 18 trees (six non-dieback, six with 50% dieback shoots, six now-dead) were felled, and their diameters at breast height (DBH, 1.3 m) and heights were measured. Discs (5-cm thick) were collected at breast height for analyses of tree-ring width and carbon isotopes.
Tree-Ring Width and Carbon Isotope Analyses
The discs were dried, fixed, and surface-smoothed with the LignoTrim component of a LignoStation densitometry system (Rinntech, Heidelberg, Germany). The surfaces were scanned with the LignoScan component and the images were analyzed to determine tree width with the LignoVision component (precision, 20 µm). The ring series was cross-dated and checked using COFECHA software version 6.02P (Holmes, 1983) to eliminate potential errors. The BAI was calculated using Equation (1) [29] :
where RD is the tree radius and n is the year of tree-ring formation. The discs were dissected from bark to pith under a stereomicroscope to prepare tree-ring samples. To minimize carbon isotopic contamination, each sample was kept on a smooth glass slide during dissection. At least 0.5 g sample was obtained for each year. Samples were transferred into labeled tin capsules. Other studies have indicated that wholewood and cellulose have different isotopic values but similar trends in their variations [30] , reflecting similar responses to climatic signals [31] . Therefore, wholewood δ 13 C was measured in the present study. Briefly, the samples were dried (70 • C, 48 h), milled to a powder, and sieved through an 80-mesh screen. The sieved particles were oxidized in an elemental analyzer (Flash EA1112 HT; Thermo Scientific, Waltham, MA, USA) to CO 2 and analyzed with a mass spectrometer (DELTA V Advantage, Thermo Scientific; precision 0.1 ) to detect δ 13 C. The δ 13 C ( ) was calculated from Equation (2):
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Since the Industrial Revolution in 1850, the use of 13 C-deficient fossil fuel has caused an elevation in the atmospheric CO 2 concentration and a decrease in δ 13 C. To compensate for this effect, measured δ 13 C values were corrected [31, 32] by Equation (3): 13 C tree − (δ 13 C atm + 6.4)
where δ 13 C tree represents the δ 13 C measured from the tree-ring sample; δ 13 C atm is the value of the atmospheric background; and δ 13 C cor is the corrected value.
The δ 13 C for the pre-Industrial Revolution atmospheric CO 2 was taken as −6.4 . Data for atmospheric CO 2 and δ 13 C between 1976 and 2003 were obtained from an earlier study [31] , and data for 2004-2016 were obtained from the Earth System Research Laboratory (ESRL, National Oceanic & Atmospheric Administration of the United States; average of 22 monitoring sites) (http://www.esrl. noaa.gov/gmd/). After correction, the annual δ 13 C series for tree rings was obtained.
iWUE Calculation
Carbon isotope discrimination, ∆ 13 C, was calculated [33] using Equation (4):
where δ 13 C atm and δ 13 C tree represent δ 13 C values for atmospheric CO 2 and tree rings, respectively. For C 3 plants, ∆ 13 C follows a linear relationship described by Equation (5):
where C i is the intercellular CO 2 concentration, C a is the atmospheric CO 2 , a is the discrimination due to diffusion of 13 CO 2 through stomata (a = 4.4 ), and b is fractionation discrimination by Rubisco against 13 CO 2 (b = 27 ). Subsequently, iWUE was determined from the relationship between ∆ 13 C and C a [22, 34] by Equation (6):
where 1.6 represents the ratio of diffusivities between water vapor and CO 2 in the atmosphere.
Meteorological Data and Potential Evapotranspiration
Meteorological data (e.g., temperature, precipitation, relative humidity, wind rate, atmospheric pressure) recorded between 1976 and 2016 were retrieved from the Zhangbei County Meteorological Station (40.15 • N, 114.70 • E; elevation: 1393 m) near the experimental sites. Data were checked by Kendall's test to ensure consistency, and were confirmed to be free of random variations, valid, and representative of the local climatic trend. Recording of the depth to groundwater at the town of Ertai only began in 1995, and we obtained these data from the City Water Resource Bureau.
Potential evapotranspiration (ET 0 ) was estimated using the Penman-Monteith Equation (7) [35] :
where ET 0 represents potential evapotranspiration, R n is net radiation from plant surfaces, G is soil heat flux, γ is the psychrometric constant, ∆ is the slope of the saturated vapor pressure-temperature relationship, T is mean air temperature, µ 2 is wind speed at 2 m above the ground surface, e s is saturation vapor pressure, and e d is vapor pressure.
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Data Analysis
Trees at the 26 experimental sites (Figure 1 ) were examined and classified into four levels of dieback (10-30%, 30-50%, 50-70%, and 70-90%) according to the proportion of dead crown relative to the whole crown. In the correlation analysis, median values (20%, 40%, 60%, and 80%) were used to represent the four levels. Dead trees had been observed at the beginning of our research in 2014, but their time of death had not been closely monitored. Plantation records showed that trees in the three locations had been planted in the same year. Therefore, the calendar year of death was determined to be 2013 by site investigation, and their tree-ring widths and 13 C signatures at the end of 2012 were analyzed. Ring width, BAI, δ 13 C cor , ∆ 13 C, and iWUE were analyzed by a repeated measures ANOVA, where year was the repeated factor, and subsequent least significant difference (LSD) test with SPSS software (IBM SPSS Statistics 20, Chicago, IL, USA). A p-value < 0.05 was considered statistically significant. The responses of the tree-ring width, BAI, and iWUE to climatic factors for non-dieback, dieback, and now-dead trees were calculated using Pearson's correlation coefficients based on monthly values in the growth season (May-September). 
Trees at the 26 experimental sites (Figure 1 ) were examined and classified into four levels of dieback (10%-30%, 30%-50%, 50%-70%, and 70%-90%) according to the proportion of dead crown relative to the whole crown. In the correlation analysis, median values (20%, 40%, 60%, and 80%) were used to represent the four levels. Dead trees had been observed at the beginning of our research in 2014, but their time of death had not been closely monitored. Plantation records showed that trees in the three locations had been planted in the same year. Therefore, the calendar year of death was determined to be 2013 by site investigation, and their tree-ring widths and 13 C signatures at the end of 2012 were analyzed. Ring width, BAI, δ 13 Ccor, Δ 13 C, and iWUE were analyzed by a repeated measures ANOVA, where year was the repeated factor, and subsequent least significant difference (LSD) test with SPSS software (IBM SPSS Statistics 20, Chicago, IL, USA). A p-value < 0.05 was considered statistically significant. The responses of the tree-ring width, BAI, and iWUE to climatic factors for non-dieback, dieback, and now-dead trees were calculated using Pearson's correlation coefficients based on monthly values in the growth season (May-September). 
Results
Meteorological Factors and Potential Evapotranspiration (ET0)
Monthly mean precipitation ( Figure 2A ) was uneven during the study period , with approximately 65% falling as a rain during June-August. The mean monthly temperature showed wide variations, ranging from −14.7 °C in January to 19.5 °C in July ( Figure 2B ). Relative humidity was lower in April-May and higher in July-August ( Figure 2C ), and exhibited a seasonal dry-wet cycle. Mean ET0 was highest in May, coinciding with low monthly mean precipitation, thereby leading to a severe water imbalance (ET0-P).
Between 1976 and 2016 ( Figure 2F ), total annual precipitation in Zhangbei County was consistently <540 mm (mean, 379.7 mm). Annual precipitation varied considerably during this period, creating alternate wet and drought years. An extreme drought (245.2 mm precipitation) occurred in 1997. The years 2006 and 2009 had only 292.2 and 276.8 mm precipitation, respectively. Overall, the annual precipitation tended to slightly decrease over time. The annual mean temperature ( Figure 2G ) was relatively low because of high local elevation, and fluctuated between 2.1 °C and 5.1 °C. However, it had been rising significantly (R 2 = 0.43, p < 0.01), increasing by 1.72 °C over the 41-year period. The relative 
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Monthly mean precipitation ( Figure 2A ) was uneven during the study period , with approximately 65% falling as a rain during June-August. The mean monthly temperature showed wide variations, ranging from −14.7 • C in January to 19.5 • C in July ( Figure 2B ). Relative humidity was lower in April-May and higher in July-August ( Figure 2C ), and exhibited a seasonal dry-wet cycle. Mean ET 0 was highest in May, coinciding with low monthly mean precipitation, thereby leading to a severe water imbalance (ET 0 -P).
Between 1976 and 2016 ( Figure 2F ), total annual precipitation in Zhangbei County was consistently <540 mm (mean, 379.7 mm). Annual precipitation varied considerably during this period, creating alternate wet and drought years. An extreme drought (245. Figure 2H ) varied between 52% and 61%, with a weak decreasing trend over time. Rather than increasing with temperature, the ET 0 continued to decrease over time, which may have resulted from changes in vegetation cover associated with poplar die-off ( Figure 2I ). The ET 0 substantially exceeded the precipitation level, indicating this county is in an arid area ( Figure 2J ). Overall, the meteorological data indicated that the region had been undergoing severe aridification over the past four decades, driven by decreasing precipitation and increasing temperature. humidity ( Figure 2H ) varied between 52% and 61%, with a weak decreasing trend over time. Rather than increasing with temperature, the ET0 continued to decrease over time, which may have resulted from changes in vegetation cover associated with poplar die-off ( Figure 2I ). The ET0 substantially exceeded the precipitation level, indicating this county is in an arid area ( Figure 2J ). Overall, the meteorological data indicated that the region had been undergoing severe aridification over the past four decades, driven by decreasing precipitation and increasing temperature. The groundwater depth ( Figure 3 ) was <−4 m before 1998. It began to increase in 1999 and accelerated between 2002 and 2016, increasing from −6 to −19 m. Groundwater depth increased the water imbalance in the experimental area and aggravated local droughts. 
Relationship between Poplar Growth and Dieback
Surveys found that the county had planted 1.02 × 10 5 hectares of shelterbelts. Of these, 8.11 × 10 4 hectares (79.5%) of stands experienced dieback, with 3.39 × 10 4 hectares (33.2%) now dead or nearly dead. The non-dieback group (Figure 4 ) had a mean DBH of 19.66 ± 2.36 cm, compared with 11.61 ± 2.31 cm in the die-off group. The trees with 20%, 40%, 60%, and 80% dieback levels had mean DBH of 13.05 ± 2.42, 14.52 ± 1.98, 15.43 ± 2.77, and 16.01 ± 2.70 cm, respectively. A linear correlation analysis revealed a highly significant (p < 0.01) inverse relationship between the DBH and the level of dieback, showing that the occurrence of dieback severely restricted tree growth. humidity ( Figure 2H ) varied between 52% and 61%, with a weak decreasing trend over time. Rather than increasing with temperature, the ET0 continued to decrease over time, which may have resulted from changes in vegetation cover associated with poplar die-off ( Figure 2I ). The ET0 substantially exceeded the precipitation level, indicating this county is in an arid area ( Figure 2J ). Overall, the meteorological data indicated that the region had been undergoing severe aridification over the past four decades, driven by decreasing precipitation and increasing temperature. The groundwater depth ( Figure 3 ) was <−4 m before 1998. It began to increase in 1999 and accelerated between 2002 and 2016, increasing from −6 to −19 m. Groundwater depth increased the water imbalance in the experimental area and aggravated local droughts. 
Surveys found that the county had planted 1.02 × 10 5 hectares of shelterbelts. Of these, 8.11 × 10 4 hectares (79.5%) of stands experienced dieback, with 3.39 × 10 4 hectares (33.2%) now dead or nearly dead. The non-dieback group (Figure 4 ) had a mean DBH of 19.66 ± 2.36 cm, compared with 11.61 ± 2.31 cm in the die-off group. The trees with 20%, 40%, 60%, and 80% dieback levels had mean DBH of 13.05 ± 2.42, 14.52 ± 1.98, 15.43 ± 2.77, and 16.01 ± 2.70 cm, respectively. A linear correlation analysis revealed a highly significant (p < 0.01) inverse relationship between the DBH and the level of dieback, showing that the occurrence of dieback severely restricted tree growth. 
Surveys found that the county had planted 1.02 × 10 5 hectares of shelterbelts. Of these, 8.11 × 10 4 hectares (79.5%) of stands experienced dieback, with 3.39 × 10 4 hectares (33.2%) now dead or nearly dead. The non-dieback group (Figure 4) The tree-ring width in the now-dead group peaked in 1986 ( Figure 5A ) and decreased subsequently. The tree-ring width in the other two groups peaked in 1991 and then decreased. For all three groups, the tree-ring width showed a highly significant (all p < 0.01) quadratic relationship with age. The regression curves peaked at 1985 (now-dead, dieback) and 1990 (non-dieback), indicating that the radial growth began to slow down five years earlier in the now-dead and dieback groups than in the non-dieback group. The differences among the three groups were not statistically significant (all p > 0.05) during the first decade (1976) (1977) (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) after planting. The tree-ring width in the non-dieback group was significantly greater than that in the now-dead and dieback groups during the second decade (1986-1995), but did not differ between the now-dead and dieback trees. The treering width differed significantly (p < 0.05) among the three groups from the third decade (1996-2005) onward ( Figure 5B ).
For all three groups, the BAI showed a highly significant (all p < 0.01) quadratic relationship with age. The regression curves peaked at 1994 (now-dead), 1997 (dieback), and 2003 (non-dieback), indicating that the BAI of the now-dead and dieback groups began to slow down nine and six years earlier, respectively, than did the BAI of the non-dieback group. The difference ( Figure 5C ) in BAI between the now-dead and non-dieback groups was not statistically significant during the first decade, but was significant (p < 0.05) from the second decade onward ( Figure 5D ). The difference in BAI between the now-dead and dieback groups was statistically significant from the third decade (all p < 0.05). The tree-ring width in the now-dead group peaked in 1986 ( Figure 5A ) and decreased subsequently. The tree-ring width in the other two groups peaked in 1991 and then decreased. For all three groups, the tree-ring width showed a highly significant (all p < 0.01) quadratic relationship with age. The regression curves peaked at 1985 (now-dead, dieback) and 1990 (non-dieback), indicating that the radial growth began to slow down five years earlier in the now-dead and dieback groups than in the non-dieback group. The differences among the three groups were not statistically significant (all p > 0.05) during the first decade (1976) (1977) (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) after planting. The tree-ring width in the non-dieback group was significantly greater than that in the now-dead and dieback groups during the second decade (1986-1995), but did not differ between the now-dead and dieback trees. The tree-ring width differed significantly (p < 0.05) among the three groups from the third decade (1996-2005) onward ( Figure 5B ). The tree-ring width in the now-dead group peaked in 1986 ( Figure 5A ) and decreased subsequently. The tree-ring width in the other two groups peaked in 1991 and then decreased. For all three groups, the tree-ring width showed a highly significant (all p < 0.01) quadratic relationship with age. The regression curves peaked at 1985 (now-dead, dieback) and 1990 (non-dieback), indicating that the radial growth began to slow down five years earlier in the now-dead and dieback groups than in the non-dieback group. The differences among the three groups were not statistically significant (all p > 0.05) during the first decade (1976) (1977) (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) after planting. The tree-ring width in the non-dieback group was significantly greater than that in the now-dead and dieback groups during the second decade (1986-1995), but did not differ between the now-dead and dieback trees. The treering width differed significantly (p < 0.05) among the three groups from the third decade (1996-2005) onward ( Figure 5B ).
For all three groups, the BAI showed a highly significant (all p < 0.01) quadratic relationship with age. The regression curves peaked at 1994 (now-dead), 1997 (dieback), and 2003 (non-dieback), indicating that the BAI of the now-dead and dieback groups began to slow down nine and six years earlier, respectively, than did the BAI of the non-dieback group. The difference ( Figure 5C ) in BAI between the now-dead and non-dieback groups was not statistically significant during the first decade, but was significant (p < 0.05) from the second decade onward ( Figure 5D ). The difference in BAI between the now-dead and dieback groups was statistically significant from the third decade (all p < 0.05). For all three groups, the BAI showed a highly significant (all p < 0.01) quadratic relationship with age. The regression curves peaked at 1994 (now-dead), 1997 (dieback), and 2003 (non-dieback), indicating that the BAI of the now-dead and dieback groups began to slow down nine and six Forests 2018, 9, 564 8 of 17 years earlier, respectively, than did the BAI of the non-dieback group. The difference ( Figure 5C ) in BAI between the now-dead and non-dieback groups was not statistically significant during the first decade, but was significant (p < 0.05) from the second decade onward ( Figure 5D ). The difference in BAI between the now-dead and dieback groups was statistically significant from the third decade (all p < 0.05).
Differences in Tree-Ring δ 13 C
After correction for the influence of the Industrial Revolution, the δ 13 C cor ( Figure 6A) of the now-dead and dieback groups increased gradually over time, whereas that of the non-dieback group decreased over time. The variations in δ 13 C cor could be divided into four stages. In the first stage (1976) (1977) (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) , the three groups had similar trends and no significant difference in δ 13 C cor . In the second stage (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) , the non-dieback group had significantly lower δ 13 C cor than the other two groups (p < 0.05), but the difference between the now-dead and dieback groups was not significant. In the third stage (2006-2012), the three groups had significant differences in δ 13 C cor (p < 0.05). The non-dieback group had significantly lower (p < 0.05) δ 13 C cor than the dieback after the now-dead trees died in 2013 ( Figure 6B ). The ∆ 13 C value of rings ( Figure 6C ) in the now-dead group varied between 15.06 and 17.76 ; that in the dieback group varied between 15.56 and 17.90 ; and that in the non-dieback group varied between 16.28 and 18.42 . The ∆ 13 C of now-dead and dieback trees decreased over time, whereas that of non-dieback trees increased over time ( Figure 6D ). The changes in ∆ 13 C were also divided into four stages and the statistical significance was similar to that of δ 13 C cor . 
After correction for the influence of the Industrial Revolution, the δ 13 Ccor ( Figure 6A) of the now-dead and dieback groups increased gradually over time, whereas that of the non-dieback group decreased over time. The variations in δ 13 Ccor could be divided into four stages. In the first stage (1976) (1977) (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) , the three groups had similar trends and no significant difference in δ 13 Ccor. In the second stage (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) , the non-dieback group had significantly lower δ 13 Ccor than the other two groups (p < 0.05), but the difference between the now-dead and dieback groups was not significant. In the third stage (2006-2012), the three groups had significant differences in δ 13 Ccor (p < 0.05). The non-dieback group had significantly lower (p < 0.05) δ 13 Ccor than the dieback after the now-dead trees died in 2013 ( Figure 6B ). The Δ 13 C value of rings ( Figure 6C ) in the now-dead group varied between 15.06‰ and 17.76‰; that in the dieback group varied between 15.56‰ and 17.90‰; and that in the non-dieback group varied between 16.28‰ and 18.42‰. The Δ 13 C of now-dead and dieback trees decreased over time, whereas that of non-dieback trees increased over time ( Figure 6D ). The changes in Δ 13 C were also divided into four stages and the statistical significance was similar to that of δ 13 Ccor. 
Differences in iWUE
All three groups showed increasing iWUE with age, with highly significant (all p < 0.01) linear relationships ( Figure 7A ). The non-dieback group had a significantly lower regression slope (0.52) than those of the other two groups (now-dead: 1.17; dieback: 1.04). The variations in iWUE were divided into four stages. In the first stage (1976-1995), the three groups had similar iWUEs and no significant differences. In the second stage (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) , the iWUEs were significantly higher (p < 0.05) in the now-dead and dieback groups than the non-dieback group, but the difference in iWUE between the now-dead and dieback groups was not significant. In the third stage (2007-2012), the three groups showed significant differences in iWUE. The iWUE was significantly lower (p < 0.05) in the non-dieback group than in the dieback group after now-dead trees died in 2013 ( Figure 7B) . 
All three groups showed increasing iWUE with age, with highly significant (all p < 0.01) linear relationships ( Figure 7A ). The non-dieback group had a significantly lower regression slope (0.52) than those of the other two groups (now-dead: 1.17; dieback: 1.04). The variations in iWUE were divided into four stages. In the first stage (1976-1995), the three groups had similar iWUEs and no significant differences. In the second stage (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) , the iWUEs were significantly higher (p < 0.05) in the now-dead and dieback groups than the non-dieback group, but the difference in iWUE between the now-dead and dieback groups was not significant. In the third stage (2007-2012), the three groups Forests 2018, 9, 564 9 of 17 showed significant differences in iWUE. The iWUE was significantly lower (p < 0.05) in the non-dieback group than in the dieback group after now-dead trees died in 2013 ( Figure 7B ). 
Relationship between Tree-Ring Records and Environmental Factors
In all three groups, tree-ring width was negatively correlated with temperature ( Figure 8 ). The correlation was highly significant (p < 0.01) from June to September for the now-dead group, significant (p < 0.05) in May, July, August, and September for the dieback group, and significant (p < 0.05) only in July and August for the non-dieback group. These findings indicated that radial growth was more sensitive to temperature in the now-dead and dieback groups than in the non-dieback group. The BAI of the non-dieback group was significantly positively correlated with temperature from June to September (p < 0.01). There was no significant correlation between BAI and temperature for now-dead and dieback groups, indicating that the now-dead and dieback groups did not respond positively to the temperature increase like the non-dieback group did. The correlation between iWUE and temperature for the now-dead group was highly significant (p < 0.01) from June to August, and that for the dieback group was significant (p < 0.05) from May to September, and highly significant (p < 0.01) in May, July and August; that for the non-dieback group was significant (p < 0.05) only in July and August. These results indicated that the iWUE of the now-dead group was the most sensitive to temperature, especially during the vigorous growth period of June, July, and August.
Relative humidity is one of the important factors affecting the growth of poplar trees. In the now-dead and dieback groups, the annual tree-ring width (p < 0.05) was positively associated with relative humidity in July and August, but the iWUE (p < 0.01) was significantly negatively associated with relative humidity in July and August. The annual tree-ring width and iWUE of the non-dieback group were only significantly affected by relative humidity in August (p < 0.05). The iWUE of all three groups was significantly correlated with precipitation, temperature, relative humidity, ET0, and water balance (ET0-P) in August (p < 0.05). These results indicated that, compared with tree-ring width and BAI, iWUE was more sensitive to environmental factors. Thus, during the entire growing season, the environmental factors in August played a key role in the water use of poplar trees. 
Relative humidity is one of the important factors affecting the growth of poplar trees. In the now-dead and dieback groups, the annual tree-ring width (p < 0.05) was positively associated with relative humidity in July and August, but the iWUE (p < 0.01) was significantly negatively associated with relative humidity in July and August. The annual tree-ring width and iWUE of the non-dieback group were only significantly affected by relative humidity in August (p < 0.05). The iWUE of all three groups was significantly correlated with precipitation, temperature, relative humidity, ET 0 , and water balance (ET 0 -P) in August (p < 0.05). These results indicated that, compared with tree-ring width and BAI, iWUE was more sensitive to environmental factors. Thus, during the entire growing season, the environmental factors in August played a key role in the water use of poplar trees. Forests 2018, 9, x FOR PEER REVIEW 10 of 17 Figure 8 . Relationships between tree-ring parameters (tree-ring width; BAI, iWUE) and monthly climatic factors for non-dieback (filled bar), dieback (grey bar), and now-dead (empty bar) tree groups in growth season (May-September). Months abbreviated in uppercase letters correspond to years during tree-ring formation. Dashed lines represent threshold values for statistical significance (p < 0.05). Asterisks (*) indicate significant correlation at p < 0.01.
Relationship between Radial Growth and iWUE
For all three groups, the tree-ring width ( Figure 9A ) showed a highly significant (p < 0.01) quadratic relationship with iWUE. This indicated that, with increasing iWUE, the radial growth slowed gradually after peaking. The iWUEs were much higher in the now-dead and dieback groups than in the non-dieback group, indicating slower growth of the former two groups. Nevertheless, all regression curves peaked at similar values (now-dead: 105.79, dieback: 106.35, non-dieback: 104.81 μmol mol −1 ). The BAIs of the three groups ( Figure 9B ) also showed highly significant (p < 0.01) quadratic relationships with their iWUEs, with regression curves peaking at 117.79 (now-dead), 118.94 (dieback), and 118.06 (non-dieback) μmol mol −1 . 
For all three groups, the tree-ring width ( Figure 9A ) showed a highly significant (p < 0.01) quadratic relationship with iWUE. This indicated that, with increasing iWUE, the radial growth slowed gradually after peaking. The iWUEs were much higher in the now-dead and dieback groups than in the non-dieback group, indicating slower growth of the former two groups. Nevertheless, all regression curves peaked at similar values (now-dead: 105.79, dieback: 106.35, non-dieback: 104.81 µmol mol −1 ). The BAIs of the three groups ( Figure 9B ) also showed highly significant (p < 0.01) quadratic relationships with their iWUEs, with regression curves peaking at 117.79 (now-dead), 118.94 (dieback), and 118.06 (non-dieback) µmol mol −1 . 
Discussion
Differences in Radial Growth before Drought-Induced Death
Earlier studies in many regions have found that increasing temperature and reducing precipitation can intensify drought stress and significantly increase the risk of death among drought-stressed plants [36, 37] . The leaf area is a major determinant of the plant water requirement. Under drought stress, a plant can reduce its transpiration area by adjusting the leaf area [38] . This strategy is used by plants to reduce water transpiration from the canopy, and is used by poplar trees to survive drought. The leaf area index (LAI) decreases as drought becomes increasingly severe [39] , and trees show progressive changes chronologically [40] : premature leaf senescence, partial dieback of the crown and shoots, and eventually tree mortality after successive droughts [37, 41] . In the shelterbelts studied here, these three changes all appeared, and the severity of partial dieback and tree mortality increased steadily over time.
Under water stress, a tree may reduce its vigor or growth rate for long-term survival. A decrease in radial growth was observed before death in 84% of mortality events [42] . In the present study, the now-dead group had the lowest DBH, followed sequentially by the dieback and non-dieback groups. This trend indicates that drought had affected tree growth at the experimental sites. Our finding is consistent with those of an earlier study [27] reporting that Italian oaks killed by drought were smaller and had grown more slowly before death, compared with the surviving ones. In temperate and subalpine forests of northern China, the rate of tree death has frequently been reported to show a U-shaped relationship with tree size (e.g., DBH). The high death rate of smaller trees was explained by competition with taller ones for solar radiation, and that of taller ones was attributed to hydraulic failures associated with the longer distance of water transport [43] . Additionally, a temperature increase or precipitation decrease may create a water imbalance, affecting the local productivity of plants [44] . Consequently, biomass loss occurred before drought-induced death of poplar trees. In the present study, we detected a downward trend in BAI ( Figure 5B ) and significantly lower BAIs in the now-dead and dieback groups than in the non-dieback group. These are persuasive signs of retarded growth [29] . Plants routinely respond to changes in resource availability via gaining or losing biomass [40] , but even a sharp decrease in biomass may not necessarily allow trees to avoid dieback or death. In Zhangbei County, 1997 was very dry (245 mm precipitation), and this extreme drought triggered a divergence in the subsequent fates of poplar trees. Extreme climatic events are known to affect plant growth and mortality [45] . Extreme summer drought has been shown to affect the water relationships and carbohydrate dynamics of woody angiosperms [46, 47] , causing dieback, hydraulic failure, and death. In the present study, the severity and duration of the drought in 1997 exceeded the tolerance of poplar trees, thus triggering long-term effects such as canopy defoliation and retarded growth. Gao reported that both the timing of onset and severity of drought increased 
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Differences in iWUE before Drought-Induced Death
Plants adapt to drought stress via multiple mechanisms such as adjusting growth [50] and increasing iWUE [15, 22] . When environmental factors vary, trees change their discrimination among carbon isotopes. Under drought stress, trees close stomata to avoid hydraulic failure; this lowers the intracellular CO 2 concentration (C i ) and increases the δ 13 C, thereby affecting the 13 C signature of tree-ring cellulose. In our study, the now-dead group had significantly higher δ 13 C cor than the non-dieback group between 1997 and 2007 ( Figure 6A) ; from 2008 onward, the now-dead and dieback groups showed significantly higher δ 13 C cor than the non-dieback group. These differences are in line with other reports that declining stands had higher δ 13 C than healthy ones [20] .
We indirectly estimated iWUE from δ 13 C records of tree rings. The iWUE data can provide an annual archive of gas-exchange and growth. The trees may not only respond to environmental factors, but also their growth status, which would influence their stomatal conductance and photosynthetic rates, thereby altering the iWUE. Earlier studies have found that declining silver fir [14] and Scots pine [16] showed a higher iWUE compared with non-declining trees, but a reverse pattern was observed in Quercus frainetto Ten. [24] and Pinus nigra J.F.Arnold [25] . In our study, the non-dieback group showed a gradually increasing iWUE (Figure 7) , whereas the other two groups had approximately two-fold greater regression slopes of increase (compared with that of the non-dieback group). Between 1996 and 2005, the iWUEs were significantly higher in the now-dead and dieback groups than in the non-dieback group. From 2006 to 2012, the three groups showed significant differences in iWUE. These findings suggested that the now-dead and dieback groups experienced more severe environmental stress and relied more on water-saving strategies than did the non-dieback group [51] . Some studies have suggested that drought stress in arid regions forces trees to close stomata, thus reducing CO 2 absorption. Consequently, tree growth decelerated despite the increased iWUE [17, 52] . This theory is in agreement with the results of the present study.
The iWUE characterizing tree rings is affected by multiple environmental factors such as temperature, precipitation, relative humidity, and ambient CO 2 [53] . In all three groups, the iWUE showed a highly significant (p < 0.01) relationship with temperature, presumably because a higher temperature accelerated CO 2 assimilation and increased the vapor pressure deficit. Trees partially close stomata to reduce water loss [21] , leading to increased δ 13 C and iWUE. The now-dead and dieback groups had 2.2-fold greater regression slopes than that of the non-dieback group, indicating that the former two groups were more sensitive to temperature changes. Another study on Mediterranean plants found that iWUE was weakly related or unrelated to temperature [19] .
All three groups exhibited highly significant quadratic relationships between iWUE and BAI. In comparison, other studies reported positive [17] or negative [54] correlations between the two parameters. When the iWUE was low, BAI increased with iWUE, primarily because of faster photosynthesis rather than reduced stomatal conductance [29] . With a further increase in iWUE, the BAIs of all three groups started to decrease, producing similar peak points ( Figure 9B ). The inverse relationship between iWUE and BAI reflects a deteriorating environment [52] . The declining trend of BAI was attributable to two factors: (1) the adverse impact of increased temperature on cell growth and proliferation; and (2) insufficient power of increased iWUE to counteract that impact [17] .
Early-Warning Signals of Drought-Induced Death
External stimuli can drive an ecosystem to shift abruptly between alternative states when certain critical transitions or tipping points are exceeded [49] . The critical transitions can be anticipated from preceding warning signals. Global warming and its associated prolonged severe droughts can lead to retardation of tree growth and, beyond tipping points, trigger death. Drought-induced tree death can be considered as a nonlinear change in tree vigor and growth that may occur years after the causative lethal stress has exerted its effect [55] . Other researchers have compared the growth rates of now-dead and non-dieback trees under drought; they observed that the two groups showed statistically significant differences in growth rates five years before the mortality of now-dead trees, and differences were already detectable 10 years before mortality. Therefore, retarded growth for 5-50 years may be considered as a reliable indicator of impending tree death [56] . In our study, the tree-ring width of the now-dead and dieback groups peaked in 1985, whereas that of the non-dieback group peaked in 1990. The BAI quantifies the long-term trend of tree vigor, and therefore, it is a better indicator of biomass changes than is tree-ring width. Early warning signals may potentially be identified from a BAI series, even after tree death. The BAI of the now-dead, dieback, and non-dieback groups peaked in 1994, 1997, and 2003, respectively. The now-dead and dieback groups had remarkably lower tree-ring width and BAI than did the non-dieback group from 17-26 years (1986-1995) preceding death, while the difference between now-dead and dieback trees was significant from 7-16 years (1996-2005) preceding death. This indicated that tree-ring width and BAI can potentially be used as an early warning signal of tree death. Bigler and Veblen [57] reported that subalpine conifers that died during drought had increased early growth rates and large sizes, but shorter longevities. Another study suggested that a high annual growth rate and an abrupt decline were associated with a high death rate [56] . A study linking repeat forest inventories and satellite remote sensing results also indicated the potential use satellite Normalized Difference Vegetation Index data as early warning signals of tree mortality [58] .
Saurer et al. [59] compared the experimentally observed changes in δ 13 C and iWUE with predicted variations. They found that the stomatal conductance and photosynthesis of trees were affected by environmental factors, and that iWUE increased with increasing drought severity [19, 60] . In a deteriorating environment, the iWUE of plants increased as a result of reduced stomatal conductance instead of accelerated photosynthesis [52] . In our study, the now-dead and dieback groups exhibited significantly higher iWUEs than those of the non-dieback group from 7 to 16 years (1996-2005) prior to death, and the difference between now-dead and dieback groups was significant from 0 to 6 years (2006-2012) prior to death. Furthermore, divergence of iWUE occurred later about 10 years later than the divergences of tree-ring width and BAI. Poplar tree death occurred about 16 years after the divergence and escalation of iWUE. These findings indicate that an abrupt escalation in iWUE can serve as a warning signal for acceleration of tree decline and drought-induced death in the TNSF shelterbelts of Zhangbei County. Similar research results showed the growth rate of Scots pine had already reduced to some extent already several decades earlier, while iWUE derived from δ 13 C values was higher [16] , indicating a more conservative water-use strategy of now-dead trees compared with that of living trees.
Conclusions
Long-term drought may enhance tree decline and mortality. The large-scale decline of poplar trees in the TNSF Program has provided an opportunity to examine the effects of long-term drought on growth and iWUE prior to tree mortality. Our results showed that the DBH was inversely related to the severity of dieback. Among now-dead, dieback, and non-dieback trees, both tree-ring width and BAI showed quadratic relationships with age, with the now-dead and dieback trees reaching peaks earlier than the non-dieback group. The now-dead and dieback groups had significantly higher iWUEs than did the non-dieback trees, indicating a more conservative water-use strategy under drought stress than that of non-dieback trees, possibly at the cost of canopy defoliation and shoot dieback. The drought-affected poplar trees showed lower growth and long-term increases in iWUE prior to tree mortality. Therefore, tree-width, BAI, and iWUE can serve as early warning signals for drought-induced death.
